Background: There are numerous factors including physical, biomechanical, and individual that influence exposure to hand-transmitted vibration (HTV) and cause variability in the exposure measurements. Knowledge of exposure variability and determinants of exposure could be used to improve working conditions. We performed a quasi-experimental study, where operators performed routine work tasks in order to obtain estimates of the variance components and to evaluate the effect of determinants, such as machine-wheel combinations and individual operator characteristics. methods: Two pre-defined simulated work tasks were performed by 11 operators: removal of a weld puddle of mild steel and cutting of a square steel pipe. In both tasks, four angle grinders were used, two running on compressed air and two electrically driven. Two brands of both grinding and cutting wheels were used. Each operator performed both tasks twice in a random order with each grinder and wheel and the time to complete each task was recorded. Vibration emission values were collected and the wheel wear was measured as loss of weight. operators' characteristics collected were as follows: age, body height and weight, length and volume of their hands, maximum hand grip force, and length of work experience with grinding machines (years). The tasks were also performed by one operator who used four machines of the same brand. mixed and random effects models were used in the statistical evaluation.
IntroductIon
The effects of vibration exposure at work through vibrating hand-held tools have been studied since the beginning of the 20th century. Today, it is known that exposure to hand-transmitted vibration (HTV) could increase the occurrence of symptoms of vascular, neurological, and musculoskeletal disorders in the upper extremities, i.e. hand-arm vibration syndrome (HAVS) (Bovenzi, 1998) . When measuring HAV, international standards are used.
The vibration level (amplitude) is measured in three directions of an orthogonal co-ordinate system and evaluated as the vector sum of these directions. The detrimental effects of vibration exposure also depend on the exposure duration; exposures are commonly assessed by calculating the energy equivalent frequency-weighted acceleration (metre per square second). There are numerous factors that influence the vibration emissions and these introduce variability into the measurements. These factors, referred to in this article as determinants of exposure, are as follows: physical, biomechanical, and individual factors such as properties of the machines and/or inserted tools/wheels used, as well as the operator's stature, posture, grip force, and feed force. Also, the determinants of exposure will vary between different operators and work tasks, workplaces, the machines and tools used, and even over time (years, days, and hours). Several reports from other studies into work-related exposures emphasize the importance of collecting valid and appropriate exposure measurements, together with determinants of exposure. The consequences for measurement and control strategies, as well as the impact on any proposed exposureresponse relationship, have been discussed before (Preller et al., 1995; Rappaport et al., 1995a,b; Burstyn and Teschke, 1999; Liljelind, 2002; Lin et al., 2005; Teschke et al., 2004; Burdorf, 2005) . However, HAV determinants are normally not taken into account in exposure measurements, perhaps because it has been considered impractical. Nevertheless, these determinants will influence the risk estimates and information about sources of the variability, i.e. determinants could be useful in prevention of HAVS. Therefore, they need to be closely explored in experimental studies in both simulated field studies and field studies.
In a study using simulated workplace conditions with different machines equipped with a range of inserted tools, grinders, diamond core drills, and saws a coefficient of variation of ~15% in the vibration emissions was seen, while a larger variability of 20-35% was shown in a study of angle grinders grinding steel (ISO, 2006; Rimell et al., 2008) . A ranking list of sources of the variability with reference to grinding machines has been published with the most important first: type (or design) of machine, unbalance in the wheel, width of the work piece, feed force, type of wheel, and the angle between wheel and work piece (Stayner, 1996) . In these studies, the influence of the operator, such as maximum grip force, weight, size of the hands and postures has not been specifically taken into account. Studies on impact wrenches and angle grinders concluded that variations in machine characteristics, as well as those of the operator, could explain the variability in vibration emissions (McDowell et al., 2008; McDowell et al., 2009; Liljelind et al., 2010) . In a recent study, also with angle grinders, it was shown that work posture during grinding operations does not affect the vibration emissions (Liljelind et al., 2011) . However, much of the variability in the vibration emissions remains unexplained and should, therefore, be investigated further.
Only a few studies have simultaneously examined major sources of variability (machine, tool, and operator) during the performance of work tasks. Therefore, we performed two quasi-experimental studies. In the first study, the operators performed routine work tasks in order to obtain estimates of the variance components of the exposure and to evaluate the influence of determinants such as machine-wheel combinations and operator characteristics. In the second study, the effect of the machine was evaluated having one operator using four copies of the same brand of each machine.
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Methods

Study group
Eleven male operators participated in this study. The mean length of work experience with grinding machines was 10 years (range 0-35), mean age was 30 years (range 18-57), mean height was 1.81 m (range 1.70-1.90), and mean weight was 89 kg (range 64-120). Other characteristics of the workers involved were length and volume of the right and left hands, respectively (Pheasant, 1996) . The mean lengths of right and left hands were 18.6 cm (range 17.1-20.3) and 18.5 cm (range 17.7-19.5), respectively. The corresponding mean volume of the right and left hands were 413 (range 304-526) and 407 ml (range 306-514), respectively. The maximum grip force was measured using a hydraulic hand dynamometer (JAMAR 5030J1) (Innes, 1999; Mathiowetz, 2002) . The means of the maximum grip force of right and left hands were 61 (range 50-72) and 60 kg (range 52-75), respectively (Supplementary data are available at Annals of Occupational Hygiene online).
Work tasks
One of the work tasks was to remove a 'standardized' 0.37-m weld puddle of mild steel from a horizontal steel bar with an angle grinder. The standardization was certified by always using the same welding set (Kempi 4000 W), welding wire (Esab OK 15.17) and one experienced welder. The other task, performed at the same work bench, was to vertically cut off a horizontal square steel pipe (dimensions 100 × 100 × 5 mm). The height of the work bench was adjusted for each individual operator and corresponded to an elbow angle of 120 degrees for the operator's arm holding the throttle handle (Fig. 1) .
Machines, grinding and cutting wheels
In the first study, four new and unused angle grinders were used: two compressed air driven-Machine 1 [12 000 r.p.m., 1.3 kW, 2.0 kg, equipped with an auto balance unit with a manufacturer's declared vibration value of 3.3 (±0.8) m s 
Experimental design
In the first experiment, the sequence of using the 4 grinders for each of the 11 operators was randomized. The sequence of each combination of task, brand of wheel, and two repetitions were randomized within each grinder. A new wheel was used for each repeat.
In the second experiment, one operator performed both tasks randomly, as described previously, with four copies of Machine 4. The Regional Ethical Review Board at Umeå University has approved the study (Dnr 2010-222 31 M) .
Measurements of vibrations, time, and wheel wear
Vibration measurements followed ISO 5349-1 (ISO, 2001a). The measurement sites were, in accordance with ISO5349-2 (ISO, 2001b) , at the throttle handle (for details, see Supplementary data, available at Annals of Occupational Hygiene online).
Two different vibration emission values were estimated: (i) a ea , the equivalent frequencyweighted acceleration over time for completing the work task, T: 
½
This was estimated from the instantaneous vector sum per second, a 2 , and the duration (seconds) to complete the work task T.
The time to complete a work task (seconds) was recorded both by the instrumentation and by observation with a stopwatch as a check.
Before and after using the grinding and the cutting wheels, the wheels were weighed and the wheel wear was noted (grams).
Statistical analysis
The statistical procedures were performed using SAS software for Windows version 9.3.1 (SAS Institute, Cary, NC, USA). The significance level was set to 0.05.
To investigate the effect of the determinants, i.e. machine, brand of wheel, wheel wear, time to complete a work task, height, weight, length and volume of the hands, maximum grip force, and work experience in years as well as to estimate the random effects associated with operator for each work task, a mixed effects model (REML) was used. Due to skewness, the a sa was transformed using the natural logarithms. The random effects are assumed to be independent and normally distributed with a mean of zero. The form of the model used here was as follows:
Yijkl is the natural logarithm of Xijkl , where Xijkl represents the a sa of the i-th operator assuming the j-th grinder, k-th brand of wheel, and the l-th time to complete a work task. Here, µ α δ θ , , , i j k , and εijkl represent the overall mean, random effect of the i-th operator, the fixed effects of the j-th grinder, the k-th brand of wheel, and the error term. T W ijkl ijkl T , ,β and βW represent the covariate for time to complete a work task, the covariate for wheel wear, the regression coefficient for time to complete a work task, and the regression coefficient for wheel wear, respectively. In order to examine covariation between the different operator characteristics, these were added one by one to the model for each task and, thereby, evaluated separately. Thus, the term βC i C is added to equation 1 as follows:
where C i and β C represent the covariate and the regression coefficient for each of the operator characteristics (age and grinder experience in years, body height and weight, length and volume of the hands, and maximum grip force). Note, initially two-way interaction effects were included in the model, but the most non-significant of these effects were excluded stepwise from the model formulation in order to minimize the AIC (Akaike's information criterion, used by SAS) value (equations 1 and 2). During the stepwise calculations, no main effects were excluded from the model as they were included in the significant interaction effects.
In the second experiment, with four copies of the same brand of machine, the operator effect and index i were excluded from equation 1. The Tukey-Kramer test was used to compare all the machines with each other.
The goodness of fit of the models was evaluated by investigating the residuals and no strong deviations from the normal distribution were found. 
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Determinants explaining the variability of HTV emissions 1069 overload (i.e. the handling of the machine caused the machine to irregularly produce extremely high peaks) and one operator dropped out, giving, 280 full data recordings, which were included in the statistical analysis. The distribution of the number of data is shown in Table 1 . Of the 11 participating operators, 5 operators ran all 4 machines. Of these, four operators had missing data for Machine 2 (numbers of erroneous data = 7, 5, 5, and 2, respectively). Another five operators completed tests with three machines (1, 2, and 4); of these, one of the operators also conducted three tests with Machine 3. The 11th operator completed the full set of tests with two machines (2 and 4).
Variance analysis
The variance components calculated from a reduced version of equation 1 ( ln( ) ) Y X i i i ijkl = = + + µ α ε including only the random effects of operator and residual, indicate that most of the variability in the data is found in the residual. The estimates (residual/ between operator) were for cutting 0.26/0.0027 and for grinding 0.20/0. Thus, ~1% of the variability was attributed to the operator.
The final models for each task (see Analysis of the determinants for details), with the determinants, machine, wheel, wheel wear, and time to complete the work task included in the model (equation 1), give corresponding estimates of the residual and between operator variance components, respectively, for cutting 0.013/0.0060 and for grinding 0.021/0.0015. Thus, as much as 90-95% of the variability found in the residual is explained when including determinants [the residuals decrease from 0.26 to 0.013 (cutting) and from 0.20 to 0.021 (grinding), respectively].
Analysis of the determinants
Machine, wheel, wheel wear, and time to complete the work task: The measured a sa was higher for the grinding than for cutting, which can be seen in Table 1 ( ). These work tasks differed with reference to both the type of wheels used and also to the performance of the tasks. In the final model (equation 1) of the statistical evaluation, the determinants, machine, wheel wear, and time to complete the work task, were significant for both work tasks; for cutting task, the brand of wheel was also significant. For the cutting task, the interaction effects of wheel wear * machine and wheel wear * time to complete the work task and for grinding, time to complete the work task * machine and wheel wear * brand of wheel, were found to be significant. The estimates of the main effects and the significant interactions determined from the model are summarized in Table 2 . Based only on the estimates for each machine as shown Table 2 , it can be calculated that when using Machine 4 for cutting off the square steel pipe or removing the weld puddle, the operator's exposure (measured as a sa ) will be 2.6 times higher than if the operator uses Machine 1. Using wheel A will decrease a sa for the cutting work by a factor of 0.90 (10%); the brand of wheel A also has a consistent lower mean wheel wear than the brand of wheel B (Table 3) . For grinding, the interaction effect between wheel and wheel wear indicates that the wheel wear is not the same for both brands of wheels and that this will affect the a sa . Using the (12) Table 2 , and assuming an average for both the wheel wear for each wheel and the time to complete the work task (Table 3) , the operator's vibration exposure is reduced by a factor of ~0.97 (3%) when using wheel A instead of wheel B (calculations not shown). This is consistent with the observation that, overall, the a sa is lower for wheel A than for wheel B (Table 1) . For cutting, the interaction effects wheel wear * machine and wheel wear * time to complete the work task shown in Table 2 imply that the effect of wheel wear on the exposure to HTVs, measured as a sa , is not similar for all the machines and also that the wheel wear is not constant over time. Using the estimates in Table 2 and assuming the average wheel wear and time to complete the work task for each of the machines from Table 3 , the vibration exposure measured as a sa is ~3.1 higher for Machine 4 than Machine 1 (calculations not shown). Similar calculations for the grinding work task, including the interaction effect, machine * time, imply that the effect of time to complete the work task was not similar for all the machines and show that the vibration exposure is ~2.2 times higher when using Machine 4 than when using Machine 1.
The relationship between wheel wear, time to complete the work task, and a sa is visualized in a contour plot in Fig. 2 . Generally, heavy wheel wear is linked to short completion times and vice versa. However, there is also an 'optimal area' (dark green area, lower left corner in black and white print version) where the a sa is low, the wheel wear is small, and the time to complete the work task is short. The data points correspond to the two machines, which had the lowest a sa (1 and 2), but from different brands of wheels and different operators. On the other hand, the machines found in the reddish (upper left corner) areas are predominantly Machines 3 and 4.
In the second experiment, four copies of Machine 4 were used for both work tasks. For the cutting work task, machine 4:2 differed in comparison with 4:3 and 4:4; and for grinding, machines 4:3 and 4:4 were borderline significantly different from each other (P = 0.049) (TukeyKramer test, P < 0.05; Table 4 ). The effect of different copies of the machine on a sa was ~1.2 (20%) (data not shown). Brand of wheel was significant for the cutting work task and, overall, the a sa was ~16% lower for the brand of wheel A than for the brand B, which is also indicated in Table 4 . The wheel wear was also lower for the brand of wheel A in three out of the four copies of Machine 4 (see Supplementary Table 2S , available at Annals of Occupational Hygiene online).
Characteristics of the operators
From the analysis of the operator's characteristics evaluated by equation 2, the following significant factors were found: the volume and the maximum grip force of the operators' hands and the operators' body weight for cutting; only the maximum grip force for grinding was found to be significant. The estimates of the significant factors and interaction effects are shown in Supplementary Table 3S, available at Annals of Occupational Hygiene online. In order to illustrate the effects of the operator characteristics on a sa , we used the estimates from the final models (Supplementary Table 3S , available at Annals of Occupational Hygiene online) and compared two large-handed with two small-handed operators performing the cutting work task (Supplementary  Table 1S , available at Annals of Occupational Hygiene online; calculations not shown). Overall, the machines' (except 3, which had missing data) a sa values decreased (6%) with increased righthand volume and increased (6%) with increased left-hand volume. Thus, there was no effect from having larger hands when considering both hands.
For both cutting and grinding, similar calculations were done for the maximum grip force. There was a decrease and an increase in a sa of ~16% for the cutting and grinding, respectively, with increasing maximum grip force (cutting: right, -7%; left, -25%; grinding: right, +14%; left, +17%).
Similar comparisons for the cutting work task and the operator's weight showed that a sa was ~14% higher for the heavier operators.
Hand-transmitted vibration emissions
The result from the two simulated work tasks showed that a ea (m s −2 ) varies between ~3.4 and 9.6 m s −2 (Table 5) , which means that the exposure increases 2.8 times when using the electrically driven Machine 4 (not equipped with an auto balance unit) compared with the compressed air-driven Machine 1 (equipped with auto balance unit). Comparing air versus electrically driven machines, the corresponding figure is ~2 (mean of a ea for air driven was 4.2 m s −2 and for electrically driven was 8.8 m s −2 , respectively). For the machines equipped with auto balance, the average a ea was ~1.6 times lower than for the machines not equipped with an auto balance unit (auto balance 4.8 m s −2 and no auto balance 7.6 m s −2 ). The result from the study with four copies of Machine 4 (Table 6) showed that the average a ea varied between 7.7 (cutting) and 8.7 (grinding) m s 
dIscussIon
In the statistical models, we use the a sa because one of the determinants we wanted to study was the time to complete the work task. However, its measurement unit then becomes m s −1.5 , which means that the a sa method is more sensitive to the acceleration than to the time compared with a ea . The a sa method also sums the vibration energy over work time. 
Sources of the variability
As much as 90-95% of the variability found in the residuals was explained by the included determinants (brand of machine, brand of wheel, wheel wear, and time to complete the work task). In previous studies of grinding machines, brand of machine and wheel explained only 50-60% of the variability (Liljelind et al., 2010 (Liljelind et al., , 2011 . However, in the referenced studies, HAV was only measured as a ea for a period of 1 min and with other wheel types and brands of machine.
In this study, the effect of wheel wear was significant. Wheel wear has been studied previously for another type of the grinding wheels, i.e. lamellar flap discs used for 1 min followed by another 1 min of grinding (Liljelind et al., 2011) . Approximately 40% of the total variability was explained by this systematic wheel wear, i.e. the measured vibrations for the first and second minute; and the variance component was statistically significant (P < 0.05).
Explanatory determinants
Brand of machine and wheel: Without taking the interaction effects into account, brand of machine seems to have the largest effect on the measured HTVs calculated as a sa , as shown in Table 2 , followed by the brand of wheel. After including the significant interaction effect in the model, the exposure to vibrations between the two most divergent machines will increase for the cutting work task (2.6-3.1 times), but decrease for the grinding work task (2.6-2.2 times). Thus, for the cutting work task, wheel wear will interact with both machine type and time taken and the difference will be magnified; therefore, the importance of machine selection will increase. Considering the grinding work task, the explanation for the decreasing difference could be that the work task will be completed in a shorter time using a machine with higher vibration amplitude and vice versa, thereby reducing the difference in a sa .
Taking into account the interaction effect of brand of wheel * wheel wear for the grinding work task, the use of wheel A resulted in a 3% lower a sa than for wheel B, even though the wheel wear was greater for wheel A than B (Table 3 ). An explanation could be that wheel A was more flexible than B and maybe absorbed the vibrations. The wheel effect was larger (10%) for the cutting work task; however, in comparison with the effect of the machines, the wheel effect is considered to be almost negligible. The effect of machine was also further evaluated using four copies of Machine 4. There was no obvious difference between the copies except for cutting the work task with Machine 4:2, for which the highest a sa was measured (Table 4) . This agrees with a previous study where two copies of the same brand were used in a grinding experiment (Liljelind et al., 2011) . Thus, the brand is more important than the copy of a machine. The effect of brand of wheel was similar to that shown in the first study described above and, generally, the brand of wheel A will cause a negligibly lower a sa , by ~10-16%, and this could be explained by the lower wheel wear (Table 3 ;; Supplementary Table 2S available at Annals of Occupational Hygiene online).
Wheel wear and time to complete the work task:
The interaction effect between wheel wear and time to complete the work task implies that the wheel wear is not constant over time. Wheel wear will decrease with the diminishing diameter of the wheel because the speed of the edge of the wheel will decrease with time. The amount of wheel wear per second will be greatest in the beginning of the work task and then decrease throughout the duration of the work task.
The contour plots (Fig. 2) visualize the relationship between wheel wear, time, and a sa . Even though both higher wheel wear and longer time to complete the work task increase the a sa , the contour plots indicate an 'optimal' area with both short time and low wheel wear. This 'optimal' area (lower left corner) relies, predominantly, on the machine with the lowest a sa and not on the brand of wheels or operator. This is supported by an earlier study where determinants were ranked in order of importance (Stayner, 1996) . Type (or design) of machine was the most important; type of wheel and angle between the wheel and the work piece were the least important.
Looking at the contour plots, it seems that wheel wear has a larger influence on the a sa than time, especially for the cutting work task (Fig. 2) . However, the a sa method is more sensitive to the acceleration than to the time. The effect of greater wheel wear, which generally might produce higher acceleration values, will therefore be amplified.
Characteristics of the operator
Only a minor part of the variability was attributed to the operator and only three factors, to some extent, affected the measured a sa .The effect on the a sa was relatively small and ˂16% between the different work tasks. It is difficult to explain how operators with high grip force, measured with a Jamar dynamometer, had a lower a sa for the cutting work task but had a higher a sa for the grinding work task. The forces applied to the tool during operation may have affected the measured acceleration levels; however, we did not collect that data and cannot elucidate if operators with high grip force applied a higher or lower force to the tool compared with operators with low grip force. Even if the results relating to the operator are hard to fully explain, the effect on the a sa has to be considered small in comparison with the effect of machine, wheel wear, and time to complete the task.
Hand-transmitted vibration and risk assessments
The a ea values in Table 5 are approximately twice as high as the manufacturers' declared values for the electrically driven machines, while they agreed for the air-driven machines. Similar differences have been shown for grinding machines in a study where manufacturers' declared a ea values were compared with those measured (OPERC HAVTEC database) (Rimell et al., 2008) . Moreover, for Machine 4, we found an uncertainty twice as large as had been declared. Thus, using the declared vibration values might sometimes lead to a systematic underestimation of the risk of HAVS.
The a ea values from the experiment with four copies of Machine 4 show a difference of a maximum of 1.0 m s −2 (7.7 and 8.7 m s −2
; Table 6 ). Assuming a daily use of grinders among welders in a heavy engineering production workshop of 32 min, the A(8) value, using the copy of Machine 4 with the lowest and highest a ea , will be 2.0 and 2.2 m s −2 , respectively (Burström et al., 2010) . However, the difference is small in comparison with the difference of 6.2 m s −2 between machines of different brands, i.e. Machines 1 and 4 (3.4 and 9.6 m s −2 , respectively; Table 5 ). For the same welders, using Machines 1 and 4, the corresponding A(8) values will be 0.9 and 2.5 m s −2 , respectively (Burström et al., 2010) . These results indicate that using modern and new standard angle grinders in a good condition can, across 30 min of grinding activity, expose an operator to levels at which, according to the European Council Directive, the employer is required to take action to reduce the exposure and the risk arising from the physical agent (European Council 2002) .
Future studies
This study has not systematically covered the full common range of variation in the different determinants. Many determinants are not covered at all, e.g. machine wear, operator dexterity, gender, grip pressure, and feed force. Also, the results from this study could not be generalized to other types of hand-held tools.
Earlier studies on exposure variability have focused on machine characteristics. This study and a few other studies that included operator characteristics, indicate that operator characteristics could explain some of the variability (McDowell et al., 2008; McDowell et al., 2009; Liljelind et al., 2010; Liljelind et al., 2011) . Further studies of operator characteristics could focus on characteristics of the operator such as work technique and skill (grip strength on handle(s), feed force and quality of work), or gender (Bylund and Burström, 2003) . Other important characteristics are the operator's level of experience of working with hand-held vibrating tools, such as experience of the specific task (hours) and experience of using the specific tool, i.e. the operator's competence in working with hand-held vibrating tools.
conclusIons By including determinants that were attributed to both the brand of machine and wheel, as well as wheel wear and the time taken to complete a task, we were able to explain >90% of the total variability. The dominating determinant was the brand of machine. In the second study, however, there was no clear difference between copies of the same machine, but still an uncertainty in the emission values that influence the risk assessment.
Little variability was found between operators, indicating that the overall effect of the operators' characteristics was small. However, significant determinants were the anthropometric measures, such as volume of the hands, maximum grip force, and weight of the operator.
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Supplementary data can be found at http:// annhyg.oxfordjournals.org/.
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